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and pancreatic insufficiency (90) . According to the CF Foundation Patient Registry 2013 Report (http://www.cff.org), the median predicted survival age of CF patients is 40.7 yr and approximately one-half of all CF patients living in the United States are adults. With advances in care, there is increased attention on more age-related manifestations of CF disease, including CFrelated diabetes, nonclassic lung disease phenotype (e.g., disseminated bronchiectasis and diffuse panbronchiolitis), acute renal injury, metabolic bone disease, liver disease, and increased risk of gastrointestinal cancer (56) .
Cftr knockout (KO) mice recapitulate the pathogenesis of CF intestinal mucoviscidosis by exhibiting a high incidence of obstructive bowel disease reminiscent of meconium ileus, distal intestinal obstructive syndrome, and chronic constipation (24, 26, 79) . Other animal models of CF also prominently exhibit severe obstructive bowel disease with variable penetrance (42, 82, 85) . Unlike other CF animal models, studies of CF intestinal disease in Cftr KO mice are not complicated by coincidental disease of the pancreas, liver, or lung and corresponding therapeutic measures. Low-grade inflammation of the small intestine has also been reported in both CF patients and Cftr KO mice (49, 60, 78) ; however, addition of a polyethylene glycol osmotic laxative to the drinking water of Cftr KO mice prevents obstructive disease and minimizes markers of inflammation (8, 12) . With respect to the increased risk of gastrointestinal cancer in CF patients (41, 48) , Cftr KO mice are known to exhibit a hyperproliferative small intestinal epithelium in vivo (16) . The cause of intestinal hyperproliferation in Cftr KO mice is unknown, but recent reports indicate that hyperproliferation persists in intestinal organoid culture (39, 91) , suggesting an epithelial-autonomous response to Cftr ablation, rather than inflammation or systemic disease.
Previous studies showed that CF epithelia often exhibit an alkaline intracellular pH (pH i ) and/or a resistance to cellular acidic challenge (19, 37, 75, 92) . Cftr provides a cellular HCO 3 Ϫ efflux pathway, both by its function as a HCO 3 Ϫ -permeable anion channel and through facilitation of Cl Ϫ / HCO 3 Ϫ exchange by recycling Cl Ϫ conductively (57, 75) . Therefore, intracellular HCO 3 Ϫ retention is predicted in the absence of Cftr. In studies of CF airway epithelium, Willumsen and Boucher (92) showed that recovery of pH i following intracellular acidification was three times faster in CF cells than non-CF controls. Gottlieb and Dosanjh (19) reported that that pH i acidification during induction of apoptosis, which is required for DNA cleavage by endonucleases, is prevented by expression of a dysfunctional mutant of CFTR (⌬F508 CFTR) compared with normal CFTR in epithelial cells. In ex vivo studies of Cftr KO duodenum, Simpson et al. (75) found an alkaline pH i in the villous epithelium in experiments designed to isolate apical membrane Cl Ϫ /HCO 3 Ϫ exchange activity. More recently, investigation of WT and Cftr KO intestinal organoids (enteroids) showed that acute treatment of WT enteroids with the Cftr inhibitor Cftr inh 172 will alkalize the pH i of crypt epithelium by ϳ0.2 pH unit. Surprisingly, crypt epithelium from Cftr KO enteroids displayed an alkaline pH i of the same magnitude, indicating that basal Cftr activity contributes to pH i regulation, ostensibly by guarding against cell alkalinity through HCO 3 Ϫ efflux. Enteroids are well-differentiated, organotypic structures devoid of nonepithelial (immune, neural, and vascular) cells, systemic humoral agents, and the microbiota, which provides the opportunity to evaluate cell-or epithelial-autonomous responses and consequences of Cftr ablation. Thus the maintenance of an alkaline pH i in the isolated epithelium likely provides an intrinsic challenge against which epithelial cell and extracellular processes must operate to normalize epithelial functions in vivo. The sustained alkaline pH i in crypt epithelium of Cftr KO enteroids indicates a failure of the cell's acid-base transporters and enzymes to downregulate pH i under basal conditions, suggesting that the compensatory response is confounded in Cftr KO epithelium.
Given the number of acid-base transporters expressed in proximal intestinal epithelial cells, it is puzzling why the Cftr KO crypt epithelium would sustain an alkaline pH under relatively quiescent conditions. One reason might be that most cellular pH i regulation is directed at guarding against an acidic pH i . The upper small intestinal epithelium is exposed to luminal acid and high partial pressures of CO 2 on a diurnal basis (61, 63, 67) . Likewise, varying degrees of metabolic acidosis can occur in the course of normal activity and during many disease states, but metabolic alkalosis is less commonly encountered. Thus, epithelial cells may be more tolerant of an alkaline pH i . For example, Na ϩ /H ϩ exchangers (NHE) 1 (NHE1), NHE2, and NHE3 and, possibly, NHE8 of the small intestinal epithelium are directed at H ϩ efflux, but NHE1, NHE2, and NHE3 become inactive at pH Ͼ7.2, and reverse activity is normally prevented by the extracellular-intracellular Na ϩ concentration gradient established by the Na 3 Ϫ exchange and are expressed in the proximal intestine, although the level of their expression is less in crypt than villus epithelium (28, 89) . Functional activity of these exchangers in crypt epithelium has not been directly assessed (88) . On the other hand, the basolateral membrane anion exchanger 2 (Ae2) is the most likely candidate to moderate an alkaline pH i , on the basis of the inhibitory effects of intracellular protons acting on sensitive residues in the NH 2 -terminal cytoplasmic and transmembrane domains of the protein (2, 81) . Previous studies in murine duodenum and recent studies in human airway epithelial cell lines indicate that AE2, together with the Na
Ϫ cotransporter NKCC1, provides the principal pathways of basolateral Cl Ϫ uptake for Cftr/CFTR-mediated Cl Ϫ secretion (27, 87) . Interestingly, in the latter study, knockdown of AE2 by siRNA significantly enhanced CFTR expression, suggesting a reciprocal relationship between the two ion transporters. In the present study we investigate the dysregulation of pH i that yields an alkaline pH i in Cftr KO crypt epithelium. 
MATERIALS AND METHODS

Mice
Mice with gene-targeted disruption of the murine homolog of Cftr (Abcc7, Cftr KO) or Ae2 (Slc4a2, Ae2 KO), a gift from Lara Gawenis (University of Utah Medical Center), and sex-matched WT (ϩ/ϩ or ϩ/Ϫ) littermates were used. Mutant mice were identified using a PCR-based analysis of tail-snip DNA, as previously described (8) . Mice were maintained ad libitum on standard laboratory chow (rodent chow, Formulab Diet 5008, Ralston Purina) and distilled water. For Cftr KO and WT littermates, a polyethylene glycol osmotic laxative was included in the drinking water to avoid intestinal obstruction in the Cftr KO mice (8) . Mice were housed individually in a temperature (22-26°C)-and light (12:12-h light-dark cycle)-controlled room in the Association for Assessment and Accreditation of Laboratory Animal Care-accredited animal facility at the Dalton Cardiovascular Research Center. All experiments involving animals were approved by the University of Missouri Animal Care and Use Committee.
Enteroid Culture
The enteroid culture method is described in detail elsewhere (37) . Briefly, we excised proximal intestine from 6-to 8-wk-old mice (2-to 3-wk-old Ae2 KO mice) for isolation of intestinal crypts that were used for enteroid culture by a modification of the method of Sato et al. (70) . Isolated crypts were plated in Matrigel (BD Bioscience) and overlaid with Ham's F-12 medium containing 5% FBS, 50 g/ml gentamicin, 125 ng/ml R-Spondin 1, 25 ng/ml noggin, and 12.5 ng/ml epidermal growth factor. Medium was changed every 3 days, and primary enteroids were passaged on day 7 in culture. Passage 1 and 2 enteroids were used for study.
Measurement of pH i
Passage 1 or 2 enteroids were cultured for 4 -5 days on glass chamber slides or glass-bottom 35-mm dishes (World Precision Instruments) for measurement of pH i using either ratiometric 2=,7=-bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF) or SNARF 5F (Life Technologies) microfluorimetry, as described previously (37, 77) .
BCECF microfluorimetry. For steady-state and acid-challenge pH i measurements, enteroids on glass-bottom dishes were loaded with BCECF-AM (16 M) in culture medium at 37°C for 40 min. BCECFloaded enteroids were imaged on the stage of an upright microscope (model BX50WI, Olympus) using a ϫ40 water-immersion objective and superfused with Krebs bicarbonate-Ringer (KBR) solution containing 10 mM N-[Tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid (TES), which was gassed with 95% O 2-5% CO2 (pH 7.4, 37°C). pHi was measured using dual excitation (440 and 495 nm) and imaged at 535-nm emission, which was collected using a SensiCam digital camera (COOKE, Auburn Hills, MI) and Slidebook 5.0 software (3i, Denver, CO). Data were acquired from single cells (n ϭ 8 -10) above the ϩ4 cell position of a single enteroid crypt. The 495 nm-to-440 nm ratios were converted to pH i using the K ϩ /nigericin technique (6, 84) . For acid challenge, enteroids were exposed to a KBR solution containing 30 mM NH 4Cl, which was removed after return of enteroid pHi to near-baseline levels (ϳ10 min). For measurement of basolateral membrane Cl Ϫ /HCO 3 Ϫ exchange, enteroids on glass chamber slides were punctured for insertion of a glass micropipette (30-to 50-m-diameter tip) and retrograde microperfusion of the enteroid interior (ϳ1 l/min), as recently described (38 SNARF 5F confocal microfluorimetry. Enteroids on glass-bottom dishes were loaded with SNARF 5F-AM (40 M) in culture medium for 30 min at 37°C. Enteroid cultures were mounted on the stage of a confocal-multiphoton microscope (model TCS SP5, Leica) built on an inverted platform (model DMI6000, Leica) and fitted with a temperature-controlled incubator (Life Imaging Services). Enteroids were continuously superfused with KBR solution (pH 7.4, gassed with 95% O 2-5% CO2, 37°C). The excitation source for SNARF 5F was a 514-nm argon laser, and images were collected at dual-emission (580 and 640 nm) wavelengths. After z stacks (30 slices, 1 m thick) of individual crypts were acquired, enterocytes were selected for measurement of pH i using a three-dimensional measurement sphere within the individual cells (above the ϩ4 position) from a single enteroid crypt using Imaris software (Bitplane). The 580 nm-to-640 nm ratio was converted to pHi using methods similar to those described for BCECF microfluorimetry. pHi in Cftr KO crypt epithelia after pharmacological reduction of [Cl Ϫ ]i was measured in enteroids treated with bumetanide (50 M) for 15 min and then with bumetanide (50 M) ϩ carbachol (CCh, 100 M) for 15 min.
Measurement of [Cl
Ϫ ]i [Cl Ϫ ]i
of enteroid crypt epithelial cells was estimated using N-(ethoxycarboxymethyl)-6-methoxyquinolinium bromide (MQAE;
Life Technologies and Enzo Life Sciences), a cell-permeant, nonratiometric indicator of Cl Ϫ concentration. Initial studies revealed that MQAE measurements were complicated by dye adherence to surrounding Matrigel. Therefore, a 200-l pipette tip was used to scrape enteroids from the Matrigel, and the enteroids were washed twice with PBS to remove residual Matrigel and pelleted at 200 g. The pellet was resuspended in culture medium preequilibrated with 5% CO2 and containing the anoikis inhibitor Y-27632 (10 M; R & D Systems) and MQAE (40 mM), incubated for 40 min at room temperature in a 5% CO2 atmosphere, and transferred to a coverslip for experimentation. A glass holding pipette (ϳ50-m-diameter tip) was used to immobilize an enteroid at the glass interface, and cells of a single crypt were imaged using an inverted fluorescence microscope (model IX73, Olympus; 350-nm excitation and 460-nm emission) and acquired using ImageJ software (National Institutes of Health). All experimental solutions contained 10 M Y-27632. To estimate basal [Cl Ϫ ]i (Basal), bright-field and MQAE fluorescence images were acquired from WT or Cftr KO enteroids bathed in culture medium gassed with 95% air-5% CO2 at room temperature for 10 min. To determine maximal MQAE fluorescence (Max), the bath solution was changed to culture medium containing 10 M CFTRinh172 (to minimize Cftr-dependent changes in WT cell volume during bath Cl Ϫ uptake via NKCC1 was inhibited and cellular Cl Ϫ efflux was stimulated via activation of Ca 2ϩ -dependent Cl Ϫ channels by changing the bath solution to KBR solution containing 50 M bumetanide for 15 min followed by KBR solution containing 50 M bumetanide ϩ 100 M CCh for 15 min; bright-field and MQAE fluorescence were acquired immediately before bumetanide addition, 15 min after bumetanide addition, and 15 min after bumetanide ϩ CCh addition. Subsequently, Max and Quench fluorescence were measured, and percent maximal fluorescence at each time point was converted to Cl Ϫ concentration (mM), as described above.
Quantitative RT-PCR Array
Passage 1 enteroids (7 days postpassage) were removed from Matrigel and processed for total RNA extraction and reverse transcription, as previously described (37) . cDNA was mixed with TaqMan Gene Expression Master Mix (Applied Biosystems) according to the manufacturer's protocol and loaded onto customized mini-array 96-well plates containing TaqMan assays for the genes of interest (Table 1) . A Mastercycler EP RealPlex thermocycler (Eppendorf) was used for quantitative PCR. The threshold cycle (C t) of a gene of interest was subtracted from the geometric mean Ct of three housekeeping genes to yield ⌬Ct. The relative mRNA expression of Cftr KO relative to WT enteroids was calculated using the ⌬⌬Ct method (40) .
Immunoblot Analysis
Enteroids were removed from Matrigel, suspended in ice-cold RIPA buffer containing Halt protease inhibitor (Life Technologies), 
*Housekeeping gene. For specific assay information, see the Life Technologies product search page: https://www.lifetechnologies.com/us/en/home/life-science/pcr/ real-time-pcr/real-time-pcr-assays/taqman-gene-expression.html?icidϭfr-taqman-1. and lysed at 4°C by supersonication. Total lysate protein was loaded onto 10% SDS-polyacrylamide gels for electrophoresis, membrane transfer, and immunoblotting. Anti-Ae2 (2 g/ml; a gift from Seth Alper, Harvard Medical School) and anti-early growth response-1 (Egr-1, 1:1,000 dilution; catalog no. sc-110, Santa Cruz Biotechnology) were used as primary antibodies. Anti-␤-actin (1:2,000 dilution; catalog no. sc-130656, Santa Cruz Biotechnology) was used as loading control.
Materials
BCECF-AM and SNARF 5F-AM were obtained from Life Technologies; MQAE from Life Technologies or Enzo Life Sciences; Cftr inh172 from Sigma-Aldrich; and epidermal growth factor and noggin from R & D Systems (Minneapolis, MN). Recombinant R-Spondin 1 was isolated as described previously (53) . All other materials were of analytical grade and obtained from Sigma-Aldrich or Fisher Scientific.
Statistics
Values are means Ϯ SE. Data between two groups were compared using a two-tailed Student's t-test with the assumption of equal variances between groups. ⌬⌬C t data were analyzed using a onesample t-test with test mean ϭ 0. Data from multiple treatment groups were compared using a one-way ANOVA with a post hoc Tukey's t-test. Data from sequential treatments were compared using repeatedmeasures ANOVA with a post hoc Tukey's t-test. P Ͻ 0.05 was considered statistically significant.
RESULTS
Cftr KO Crypt Epithelium Exhibits an Alkaline pH i and Resistance to Acidification
Previous studies showed that crypt epithelial cells in Cftr KO enteroids maintained a pH i that was significantly alkaline relative to WT enteroids (37) . Consistent with our previous studies, pH i of cells in the Cftr KO crypt epithelium, on average, is alkaline ϳ0.2 pH unit relative to WT crypt cells (Fig. 1A) , indicative of Cftr-mediated loss of HCO 3 Ϫ efflux. To assess the effect of Cftr loss on dynamic pH i changes, WT and Cftr KO enteroids were exposed to 30 mM NH 4 Cl; during this time, uncharged NH 3 in equilibrium enters the cell and becomes protonated. Upon removal of extracellular NH 4 Cl, this process is reversed, and cells are acidified as NH 3 leaves the epithelial cell. The epithelial cells alkalized during exposure to NH 4 Cl (not shown), but pH i in WT and Cftr KO crypt epithelia spontaneously decreased to near-baseline levels (Fig. 1B) . Upon removal of NH 4 Cl to acidify the cells, WT crypt epithelium rapidly acidified by ϳ0.7 pH unit, whereas acidification of Cftr KO epithelium decreased at a slower rate by ϳ0.5 pH unit. Cumulative data from several experiments showed that the initial acidification rate (30 s) upon NH 4 Cl removal was significantly less in Cftr KO than WT crypt epithelium (Fig. 1,  B and C) . These data are consistent with the hypothesis that Cftr participates in basal pH i regulation of crypt epithelium, likely through its role in regulation of cellular HCO 3 Ϫ efflux (10, 11) . The rate of recovery from the acid load in WT and Cftr KO crypts was almost threefold slower than the acidification rate, but, interestingly, the recovery rate was significantly slower in Cftr KO than WT crypts (Fig. 1, B and D) . Since Na ϩ /H ϩ exchangers (Nhe1-3) play a prominent role in pH i recovery from acute cellular acidification (20, 30) , the reduced rate of alkalization suggests that the absence of Cftr in crypt epithelium may result in compensatory changes in the activity of other acid-base transporters involved in pH i regulation.
Transcriptional Responses by Cftr KO Enteroids Are Consistent With Compensation of an Alkaline pH i
To investigate why pH i compensation does not occur in crypt epithelium of Cftr KO enteroids, quantitative RT-PCR was used to examine the expression level of several acid-base transport proteins that regulate pH i in intestinal epithelium. As shown in Fig. 2A (Slc26a6), an anion exchanger that can provide HCO 3 Ϫ loading in murine intestinal epithelium (76) ; the electrogenic sodium bicarbonate cotransporter (Nbce1, Slc4a4), a major pathway for epithelial HCO 3 Ϫ uptake (66); and Na ϩ /H ϩ exchanger 2 (Nhe2, Slc9a2), which provides H ϩ efflux from the epithelium during cellular acidification and may preferentially localize to the crypt epithelium (18, 20) . In contrast to downregulation of base-loading transporters, mRNA expression of one major HCO 3 Ϫ -unloading transporter, Ae2, was significantly increased. Ae2 is located at the basolateral membrane and serves a housekeeping function of pH i regulation in intestinal epithelium (1). These differences in expression are consistent with changes in transcription to decrease base (HCO 3 Ϫ ) loading and increase HCO 3 Ϫ efflux from Cftr KO epithelium.
Cftr KO Enteroids Exhibit Increased Ae2 Protein Expression and Downregulation of the Acid-Sensitive Transcription Factor Egr-1
To determine whether increased transcriptional activation of Ae2 translated to increased Ae2 protein expression, protein lysates of enteroids from sex-matched WT and Cftr KO littermates were examined by immunoblotting. As shown in Fig. 2 , B and C, Ae2 expression was significantly greater in Cftr KO than WT enteroids, although the fold change was less than that measured by quantitative RT-PCR. Recent studies demonstrated that cellular acidification of intestinal (C2BBe1) cells increases expression of the acid-sensitive transcription factor Egr-1, resulting in increased transcription of Nhe2 through increased promoter activity at an Egr-1/Sp-1/Egr-1 (ESE) response element (47) . Since Nhe2 expression was downregulated in the Cftr KO enteroids ( Fig. 2A) , we measured protein expression of Egr-1 in WT and Cftr KO enteroids. As shown in Fig. 2D , Egr-1 was significantly decreased in Cftr KO relative to WT enteroids. ESE response elements are found in each of the significantly downregulated transporters in Fig. 2A , consistent with transcriptional regulation by acid-sensitive immediate early gene transcription factors such as Egr-1 (94).
Functional Activity of Ae2 Cl Ϫ /HCO 3 Ϫ Exchange Is Increased in Cftr KO Crypt Epithelium
On the basis of our finding of increased Ae2 expression, we asked whether the functional activity of the transporter was impaired and, therefore, whether the transporter was unable to downregulate pH i in Cftr KO crypt epithelium. To isolate basolateral membrane Cl Ϫ /HCO 3 Ϫ exchange, the luminal interior of WT and Cftr KO littermate mouse enteroids was microperfused, as previously described (38) Fig. 3A , the rate of HCO 3 Ϫ efflux was greater in Cftr KO than WT crypt epithelium. The cumulative data in Fig. 3B indicate that the rate of Cl Ϫ exchange are lower than reported for recombinant AE2 (80) , which is likely due to a slow change in bath Cl Ϫ concentration because of interference with diffusion in the Matrigel surrounding the enteroid crypt. To determine whether the measured basolateral Cl Ϫ /HCO 3 Ϫ exchange was due to Ae2 activity, the experimental paradigm was repeated using enteroids from Ae2 KO mice. As shown in Fig. 3B (Fig. 4A) . Under these conditions, as shown in Fig. 4B associated with a significant reduction of pH i in Cftr KO crypt epithelium. To assess whether the acidifying effect of lowering [Cl Ϫ ] i could be blocked by inhibition of Ae2, the enteroids were treated with the distilbene H 2 DIDS in the basolateral solution during treatment with bumetanide ϩ CCh. Treatment with H 2 DIDS would be expected to inhibit both Ae2 and Nbce1 at the basolateral membrane of the enteroids (27, 65) and, therefore, induce opposing effects on pH i regulation. However, as shown in Fig. 5C, H Fig. 5A ) and Ϫ22.04 Ϯ 1.26 with H 2 DIDS (not significant, n ϭ 18 cells from 2 cultures/2 Cftr KO mice). These findings are consistent with the hypothesis that Cl Ϫ retention is responsible for failure of Ae2 to properly downregulate pH i in Cftr KO crypt epithelium.
DISCUSSION
Through the development of culture methods to generate primary intestinal epithelial organoids, the opportunity is presented to examine cell-or epithelial-autonomous effects of protein dysfunction in a well-differentiated epithelium for genetic diseases such as CF. These primary cultures avoid many of the interpretational limitations presented by immortalized intestinal cell lines. In the present investigation the enteroid system enabled measurements of the intracellular milieu in live crypt enterocytes in an anatomic setting without the influence of neurotransmission, circulating hormonal or humoral factors, submucosal cells with associated products such as eicosanoids, immune cell interactions, or the luminal microbiome. As previously observed in murine enteroids (37), Cftr KO crypt enterocytes maintained an alkaline pH i and resisted pH i change during an acidic challenge compared with WT. Previous studies of pH i regulation suggested a propensity for cellular alkalinity and/or increased recovery from an acid challenge in Cftr KO duodenal and CF airway epithelia (75, 92) , as well as in cell lines expressing mutant CFTR (19) . Beyond this, cellular alkalinity is not generally recognized as a property of CF epithelia; consequently, few studies have examined this aspect when investigating abnormal cellular processes in CF disease.
Cftr plays a dual role in the efflux of HCO 3 Ϫ across the apical membrane of proximal small intestine, which, depending on the ionic content of the extracellular fluid, would be predicted to downregulate pH i (10 (32, 75) . In the absence of these Cftr functions, crypt epithelium is predisposed to an alkaline pH i , if it is assumed that Cftr is basally active in WT enteroids. Evidence for basal Cftr activity in the absence of nonepithelial stimuli was shown by a greater crypt cell shrinkage response to CCh in WT than Cftr KO enteroids (37) , despite no differences in expression of the intracellular Ca 2ϩ -activated Cl Ϫ channel anoctamin 1 (Fig. 2A) . Therefore, it is possible that the cellular/ paracrine environment of rapidly dividing progenitor cells of the crypt provides sufficient Cftr phosphorylation for basal activity, perhaps by the HCO 3 Ϫ -sensitive soluble adenylate cyclase (5) or changes in cAMP related to the cell cycle (7, 64) .
Changes in expression of pH i regulatory proteins to compensate for an alkaline pH i were exhibited by the isolated Cftr KO crypt epithelium. Decreased expression of Ncbe1 (Slc4a4), a major epithelial HCO 3 Ϫ uptake pathway, would be predicted to be an appropriate response. Previous microelectrode analyses did not find differences in baseline membrane potential of crypt epithelial cells between WT and Cftr KO enteroids (37) , indicative of both a rheological balance between Ncbe1 and Cftr activities in WT epithelium and a compensatory rheological response to Cftr loss in Cftr KO epithelium, perhaps by changes in basolateral K ϩ diffusion potential (9 (83) . Although known for its role in protection of cancer stem cells from hypoxia (13, 83) , CA IX demonstrates physiological function (54) and normally is expressed at significant levels in crypt epithelium (69) . Nhe2 is expressed in intestinal epithelia and may preferentially function in crypt epithelium (20, 25) . Together with a trend for decreased Nhe3 expression, downregulation of Nhe2, which provides epithelial proton efflux, is also predicted to be an appropriate response by the epithelial cells to offset an alkaline pH i . The reduced pH i recovery from NH 4 Cl prepulse cell acidification in Cftr KO crypts (Fig. 1, B and D) may reflect diminished Nhe2 and, possibly, Nhe3 activity corresponding to decreased expression of these transporters ( Fig. 2A) . Notably, recent studies of NHE2 gene regulation have shown that upregulation of NHE2 expression in response to extracellular acidification is dependent on increased expression of the transcription factor Egr-1, which interacts with an ESE motif in the upstream elements of NHE2 (47) . Our finding that Egr-1 protein expression is downregulated in Cftr KO enteroids is consistent with a regulatory arrangement that is responsive to sustained changes in pH i . Egr-1 binding sites are found in the promoter regions of Nbce1, Pat-1, CA IX, and Nhe2 (Genomatix search not shown), suggesting that compensatory downregulation of base (HCO 3 Ϫ )-loading transporters/enzymes in response to an alkaline pH i in Cftr KO crypt epithelium is coordinated by pH-sensitive transcription factors/kinases of the growth-related immediate early response genes (94) .
In addition to reduced transcription of HCO 3 Ϫ -loading transporters/enzymes, mRNA and protein expression of Ae2, a definitive HCO 3 Ϫ -unloading transporter, was upregulated in Cftr KO enteroids. Ae2 at the basolateral membrane is a major participant in pH i regulation in intestinal epithelium and provides a Cl Ϫ uptake pathway for Cftr-mediated Cl Ϫ secretion in parallel with NKCC1 (3, 17, 72, 87) . Ae2 is a distilbenesensitive 1 Cl Ϫ :1 HCO 3 Ϫ exchanger that increases in activity in response to increases in pH i (81) . Thus, despite a relatively modest increase in protein expression, the functional activity of Ae2 was two-to threefold greater in Cftr KO than WT crypt epithelium as determined by initial rates of pH i change during experimental removal and replacement of extracellular Cl Ϫ . The transport rates for basolateral Cl Ϫ /HCO 3 Ϫ exchange, which are largely a measure of Ae2 activity (Fig. 3B) , were somewhat less than typically found in recombinant protein expression systems (31) , but this likely reflects diminished diffusion through the Matrigel surrounding the enteroids during solution changes. Since baseline pH i tends alkaline in Cftr KO crypt epithelium, the central question of this investigation was as follows: Why doesn't increased activity of Ae2 in Cftr KO epithelium normalize pH i ? A previous electron microanalysis of snap-frozen sections of jejunum from normal subjects and CF patients showed an increase of 18 -41% in the Cl Ϫ content of both villous and crypt epithelium in the CF intestine (50 (50) to sustain normal membrane potential may be another feature that contributes to increased [Cl Ϫ ] i in Cftr KO crypt epithelial cells. The tendency of isolated Cftr KO intestinal epithelium to sustain an alkaline pH i in the absence of extracellular regulatory influences likely has subtle, but broad-ranging, effects on cellular processes. One potential area of influence would be cell proliferation, where alkaline pH i in the proliferative compartment of intestinal epithelium may foster hyperproliferation by a process that can be directly tied to loss of Cftr function. An alkaline pH i is known to favor cell cycle transitions (59), optimize DNA replication (71), enhance membrane biogenesis (95) , and alter Wnt/␤-catenin signaling (74) . Previous in vivo studies of Cftr KO intestinal epithelia indicate a status of hyperproliferation (16), which we have reported to be recapitulated in Cftr KO enteroids, consistent with an epithelialautonomous effect of Cftr loss (39, 91) . Hyperproliferation provides a platform for neoplasia (14, 86) , and it is known that CF patients have a sixfold-increased risk for gastrointestinal cancer (48) , an alarming statistic for a relatively young population. A variety of other disturbances in cellular processes in CF epithelium, including ATP release (29) , mucus release (38, 44) , cholesterol metabolism (15), microtubule acetylation (68), and Ca 2ϩ signaling (43, 62) , have been identified. Few of these studies have evaluated the possibility of altered pH i or [Cl Ϫ ] i , which would be expected to impact the activity of proteins/ enzymes involved in the cellular process. Since pH i regulation is largely directed to prevent cell acidification, which can be encountered frequently in normal physiological states, it is unclear whether the resistance of CF epithelium to acidification would have a detrimental effect on cellular function. On the other hand, alkalosis is infrequently encountered in physiological or pathological states, so it may not be surprising that sustained cellular alkalinity is tolerated in CF intestinal epithelium, especially since it is conducive to cell growth and proliferation. Together, the present findings provide evidence that isolated Cftr KO crypt epithelium maintains an altered intracellular milieu against which other intracellular and extracellular regulatory processes must operate in vivo and, in WT crypt epithelium, identifies Cftr as providing a cellular Cl Ϫ and HCO 3 Ϫ efflux pathway that establishes an upper limit to cellular alkalization.
